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Heavy quark fragmentation functions in the heavy quark effective theory
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Samara State University, Samara 443011, Russia
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We calculate fragmentation functions forbaquark to fragment into color-singlé®-wave bound states
‘¢b in the heavy quark effective theory with the exact accoun®61/m,) corrections. We demonstrate an
agreement of the obtained results with the corresponding calculations carried out in quantum chromodynamics.
[S0556-282(196)02111-X

PACS numbegps): 12.39.Hg, 13.85.Ni, 14.40.Nd

The study of heavy quarkonia properties is a subject othe strong interactions of heavy quarks, has an exact spin-
much current interest for understanding quark-gluon interacflavor symmetry{8]. HQET is successfully used for the in-
tion dynamicsB, mesons, consisting &f andc quarks, hold  vestigation of exclusive and inclusive hadron ded@j}sRe-

a unique position in heavy quarkonia physi¢$ In the first ~ cently it was showr{10] that HQET may be used for the
place, B, mesons consist of two heavy quarks, and so th&tudy of b-quark fragmentation int&S-wave pseudoscalar

predictions of the potential models refer 6% andY me- and vector mesons and the corresponding nonpolarized f_rag-
sons as well as t®, mesong2]. In the second places, mentation functions were calculated. The HQET calculation

mesons are constructed from quarks of different flavors an8' P-guark fragmentation into transverse and longitudinal po-

. N ! !
masses, which essentially determines their decay characté@lized Swave B; mesons was done ifL1]. In this paper
istics [3]. we have calculated the fragmentation functionsbeduark

into P-wave color-singlet state€lp) at next to leading order

Prcﬂuction of mesons with heavy quarksdiie”, vy, in the h " : ; h hods of
andpp interactions may be described by nonrelativistic per-'SQtE(_:i_ eavy quark mass expansion using the methods o

turbative quantum chromodynamics. At present, two mecha- H b K f t into bound stat f b

nisms have been investigated for the productiorBgfme- h eavy 'Eu% stn:ay r_?r?rtr;]en IB"?I oun Starflf—ol WO

sons: recombination and fragmentation. In the first cBse, eavy quarks ¢b states wi 3 € orbital momentunt. = 1.
here are four such state¥?, ,°P; (J=0,1,2. Heavy quark

mesons are formed from heavy quarks, produced ir]de[)e%:pgmentation functions int®-wave B, mesons were calcu
dently in hard subprocesses. The fragmentational mechanis j ¢ . )
y b 9 ated by Chen[12] and Yuan[13] in QCD. Consider the

demands pair production df or ¢ quarks in the hard sub- 4 . ) .
process with their subsequent fragmentatiorBtomesons calculation of the fragmentation funct_|ons in HQET. Let
(b_—>BCc_ c—B.b). The relative contributions of these G=myv +k be the four-momentum of virtual heavy quarks,
mechanisms in the production cross sections are different i lza_nEJIlc__ r&xli): g oirirzz pér?drirl:/l f - g rntquef?g;rr-nrr?;nrr?g;?ucr::
various reactions. le*e” annihilation only the quark frag- of the (rqelative’ motioﬂ Letggl’sdzk— be the four-
mentation is essentigh]. In pp and yy interactions the frag- momentum of the virtuél luon ankl the fesidual momen-
mentational mechanism prevails also #¢-meson produc- ual g .
tum of the fragmenting heavy quark. The fragmentation

tion with large transverse moment&,6]. In the range of . .
small transverse momenta the recombination is dominant anfgnctlons for the procesb—B.+c are determined by the

determines the total cross sectionByfmeson production in next expressioi]

vy and pp interactions. But experimental conditions of 1 M2 m2 3| T)2
B.-meson discovery are more limited in the large transverse  D(z)= _ZJ dsg( §— — — ¢ ) lim >,
momenta domain. So the study of heavy quark fragmentation 16m z 1-z qumE|TO|
into B, mesons has attracted considerable interest. An ap-

proach for the calculation of the fragmentation functionswhereM=my+m, is the mass oB; meson,T is the matrix
Dy_ssDc.gp in nonrelativistic perturbative quantum €lement for productiorB;+c from an off-shellb* quark
chromcodynancﬂcs was suggested 7. with virtuality s=q?, andT, is the matrix element for pro-

At the same time, in the last years there was suggeste&uc'ng an on-shelb quark with the same three-momentum
based on QCD, the heavy quark effective the@HQET) g. The calculation can be greatly simplified by using the
[8,9] for the description of heavy hadron properties. HQETaxial gauge with gauge paramete,=(1,0,0,-1) in the
makes it possible to obtain a finite analytical result withframe Whereqﬂz(qo,o,o,\/qoz—s):
some accuracy even for the complicated processes of the
quark-gluon interaction. In this approach the matrix elements )= 1 ke tkan, | nZkoky
of the different processes may be decomposed on degrees of ()= k2+i0| 9 k-n (k-n)?|°
two small parameters: the strong coupling constayfimg)
andA gcp/Mg, wheremg is the mass of the heavy quark. In -~ The part of amplitudeT that involves production of the
the limit my— o the effective Lagrangian, which describes virtual b* quark can be treated as an unknown Dirac spinor

()
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I'. The same spinor factd? appears in the matrix element where
To=Tv(q), which leads to its cancellation if1).

Let consider the fragmentation oftaquark into a color-

singlet bound statecp) *P;. The amplitude of such process ag(p) | 813320
involves the spinor factay(p;)u(p,). To project the pair of Ci=1, Cp=3 a(my) —2,
quarks on the'P; bound state we have used the next substi-
tution [14]:
_ sz—mc pi+my 3 ay(w) ~9/(33-2ny)
v(PIU(PY = VM5 =755 = 3 C3:(a5(mb)) (5

The HQET Lagrangian, including the leading and the
1/my, terms, is given by8,9] All of these coefficients are equal to 1 at the heavy quark
mass scalg.=m,. When we concern the fragmentation into
P-wave mesons, it is necessary to decompose the projecting
operator (3) and the gluon propagatg®) on the relative
motion momentump. Using the Feynman rules, derived
from the HQET Lagrangiad), we may write the full frag-
B %QSUWG”"HW , 4) mentation amplitude into 4P, state[14]:

L=h,|iv-D+ 5] C,(iD)*~ Cylv-iD)

VATM ag

. l —
iM(n*Py) —3mcmb

, d 1 nl,\—
RUO)eu(L)7 =] (2| =t 1 [U0P) (Mo = p=mo) ys(my + o my)

W o Ltk =2 R 2 g ok, |l T |
v 2_mb(p ) z—mbv'(P v lz—mbU (p—K)\ 5 c., G ) ,
v-k+ 2—k —2— -k)
My my p=0
(6)
|
wheree,(L,) is the polarization vector of théP, state. To All calculations of the fragmentation functions, which are

calculate the amplitudéb) it is convenient to divide it into rather complicated, were done by means of the system
two parts on the degrees of the small parametey, 1M\WVhen  REDUCE Substituting(7) into (1), we obtain

m,— in the vertex function and in the propagator of heavy

guarks, we obtain the main contribution to the fragmentation

amplitude ofb quarks in the form

1— 2
D1<n1P1><y>=Nl%(9y4—4y3+40y2+96>,
V4TM a2R1(0) g (8)

. TV a5y — L\ a

iM 1(n1P1)=WEZ(LZ)U(p YW ysI',
_R)p(0)[

v-K 1 BaAmr®M®
W, =(s=mp)| ($+1)y,— — W(+1)7,
k-v A 2 1 wherey=(1-z+rz)/rz is the so-called Yaffe-Randall vari-
+4mk, 1+ﬁ (ﬁ_l)_ZMr(S_mb)vaﬂ able[15], andr=m_/M.

The amplitude of boundb statenP; production may be

.k ; ; ;
_ 2 v _ derived from(6), changingys— £(S,), wheree*(S,) is the
XAG—1)+2Mr(s mb)n‘*(n-k)zﬁ('é b @ spin wave function:
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(47 M TABLE I. The fragmentation probabilities ob-quark into
M(n3P;)= ——— Smam, Rl(O) E (1L,;15,]3,3,) P-wave color-singlet state<§).
X 62(82) 62('—2)1 Pbﬂﬁn(zlpl) Pbﬂﬁ(23po) Pbﬂﬁy(zspl) Pbﬂﬁs(zspz)
6.4x10°° 2.5x10°° 7.3x10°° 10.5x10°°

d 1
EYS I_Z _gy,v+

n I:U' T A v
p nr u(p’)y"(med —p—me)

X yg(Mpd + p+my)

“ Cs k)
v +2—mb(p+)

Cs
P B BPT)
2m —v-(ptkv +I2mb0' (p— k)x}

2 I C: ' ©

where we have expressed the Clebsch-Gordon coefficients

and €% (S,), €, (L,) by the bound state polarizatiop$4]

SZEL (1L7:1.803,3)€5(S) e (Ly)

r

—(gug—Vavg), J=0,
\/g(gﬁ 8)

(10

|
Eeaﬁ)\pv)\e-:(‘]z)v \]:1,

L €ap(dn), I=2.

Taking in(9) only the terms of leading order onniy and
doing necessary differentiation gn,, we have obtained

VATM a 2R} (0)
3 2)3

iM(n3P,)= (s— 2

XSZEL (1L,:1503,9) €5(S) €X(Ly),

, ) k-v
u(p’)y(s—mp) 1—mﬁ

k-v
’ya’ylg—4kaM 1+ HV] ’)/ﬁ

(1+9)T. (11

2
—4rm? kv n,n
kon| a8

This amplitude determines the basic contribution to fragmen;

tation functions ofb quarks into the®P;- state:

3 _ (y_1)2 4 3 2
D1(n*Pg)(y)=N; ryo (y*—4y°+8y“+32), (12
2(y—1)?
D1(n®Py)(y)= NlT(gy —4y3+16y*+48),
(13
O(y— 1)2

D1(n%P,)(y)=N; (y*+4y?+8). (14

ry®

Our results(8), (12—(14) coincide with the leading &/
terms of the fragmentation functions, calculated 12,13.
The calculation of the next-to-leading order contributions
O(1/m,) to the P-wave fragmentation functions was per-
formed on the basis of the amplitudé® and(9). Omitting
the details of our calculations we can represent the obtained
fragmentation functions witlC,=C3;=1 in the following
manner:

@2|R)p(0)]? (y—1)2

D(n'Py)(y)= 54715M5  ry®

X[(9y*—4y3+40y%+96) —r(3y°
—31y*+32y3+8y2— 192+ 96)].
(15

a3|R}p(0)|? (y— 1)
547r°M®  ry

D(®Po)(y)= [( *—4y3+8y?+32)
r
+5(3y5—11y4+39zyz+192y—96)}, (16)

@2|R)p(0)]2 (y— 1>2

DC3Py)(y)= 27aM® 1y [(3y*—4y®+16y*+48)
+r(3y°+5y*+8y3+32y%+ 96y —48)], (17)

10a2|R’ (0)|? 1)2

D(3P2)(y)— a| np | (y—1)

27mwr°M® ry8

r
X|(y*+4y?+8)+ = 3y°—y*+36y°

—164y%+240y—120) |. (18)

As it follows immediately from(15)—(18) that our results
coincide with the QCD calculations of Yudd3] and Chen
[12] with the accuracyD(r), if we take into account that the
nonperturbative factor of15)—(18) in [13] contains the re-
duced masg: contrary to our factorM . Using the obtained
fragmentation functiong15)—(18), we may calculate the
fragmentation probabilities of the correspondingb) me-
sons[7]:

1
Pb_,a)(nP)zfodsz_,a)(nP)(z,r). (19

Omitting the analytical expressions for tikewave frag-
mentation probabilitieg19) and putting|Rp(0)|?=0.201
GeV®, m.=1.5 GeV, m,=4.9 GeV, andas(2m.)=0.38
(2m. is a minimal energy of exchanged glypmwe have
obtained the numerical value of the fragmentation probabili-
ties, which are presented in Table I. We see that our integral
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probabilities of P-wave cb meson production, founded by
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atically take into account th®(1/my,) corrections in the am-

means of thé-quark fragmentation functions in HQET, are plitudes and the probabilities of the fragmentation, which
in good agreement with the results of QCD calculations ofincreases the accuracy of HQET calculations. Moreover, it

[13].
The distribution functiong ;4 of the heavy quark inside

seems more important that HQET lead to the finite analytical
answer, when we study complicated problems in heavy

the heavy P-wave mesons, obtained by means of the fraguark physics. The approach, based on HQET, may be used

mentation function®q_.4, Egs.(15—(18), have a pole of
order 8 located ax=r [13]:

fo=xD 1 @ ingular t
am=XDo-n| = x=1)° ess singular terms.

(20

Therefore, we can conclude frofi5)—(18), (20) that the
coefficientsag(r) anda,(r) of the Laurent series ofqy
obey the Braaten-Levin spin-counting rules: 3:1:3:5.

for the calculation of heavy quark fragmentation functions
into L-wave mesonsl(=2,3,. . .), and for thenvestigation
of B.-meson hadroproduction.
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